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Abstract: The southwestern edge of the Saghro Massif experienced during the Ediacaran period an intense volcanic activity represented
by basaltic andesites and acid rocks with ignimbritic dominance. The chemical characteristics of these rocks correspond to those of
calc-alkaline orogenic magmatism related to a subduction zone. The genesis of these two rock groups does not seem to be controlled
by the fractional crystallization process as a factor controlling their evolution. Partial melting of a lithospheric mantle still influenced
by the Pan-African orogeny and a contaminated constituent of the lower continental crust is a likely source of the basaltic andesites.
Ignimbrites represent the product of the anatexic melting of sialic material in contact with basic magmas. Despite the calc-alkaline and
orogenic character, the genesis of the studied rocks would be linked to a Pan-African distensive postcollisional tectonic context.
Key words: Anti-Atlas, Ediacaran, Calc-alkaline, Postcollision, Pan-African

1. Introduction
The Anti-Atlas domain, located on the northern edge
of the West African Craton (WAC), belongs to the PanAfrican Orogenic belt (Hefferan et al., 1992; Thomas et al.,
2002) (Figure 1a). It consists of a basement of Proterozoic
age outcropping in “Inliers” form within a Paleozoic
blanket (Figure 1b). The structuring of the Precambrian
lands of the Anti-Atlas is linked to the superposition of
two orogenic episodes: Eburnean (2.1 to 2.0 Ga) and PanAfrican (760 to 550 Ma), (Choubert, 1963; Saquaque et
al., 1989; Ennih and Liégeois, 2001; Walsh et al., 2002;
Thomas et al., 2004; Gasquet et al., 2005; Hefferan et al.,
2014; Soulaimani et al., 2018, Ait Lahna et al., 2020). The
evolution of the Anti-Atlas Pan-African chain is considered
a succession of extension-collision-extension (Leblanc and
Lancelot, 1980; El Aouli et al., 2001; Ennih and Liegeois,
2001; Thomas et al., 2002; Gasquet et al., 2004; El Hadi
et al., 2010; Hefferan et al., 2014). The first episode was
linked to the rifting and dismantling of the West African
Craton and involved the successive development of an
oceanic plateau, an island arc, and a marginal basin
(800–690 Ma) (Hefferan et al., 2002; Thomas et al., 2004;

Gasquet al., 2005). The second episode corresponds to the
major phase of the Pan-African orogeny (approximately
690-605 Ma, Gasquet et al., 2005) and is characterized by
basin closure, ophiolite obduction, and collision. The third
episode attributed to the Ediacaran is considered to be the
postcollisional phase (605–530 Ma) (Thomas et al., 2004;
Gasquet al., 2005; Michard et al., 2017; Soulaimani et al.,
2018). Two age ranges are put forward for the magmatic
activity subsequent to the Pan-African shortening of the
Anti-Atlas (Gasquet et al., 2005): the first episode (595570 Ma) would accompany the late orogenic extension
represented by intermediate to acidic magmatic rocks
with high-K calc-alkaline affinity. The second episode
(570–545 Ma) is characterized by a major high-K calcalkaline to alkaline magmatism (Gasquet, 2005; Walsh
et al., 2012) related to the main Ediacaran extensional
tectonic event (Doblas et al., 2002; Soulaimani and Piqué,
2004; Gasquet, 2005). This magmatism is associated with
the Ouarzazate group defined by Thomas et al. (2004).
The Ouarzazate group attributed to the Late Ediacaran is
essentially composed of andesitic lavas and ignimbrites
associated to granitic intrusions (El Aouad et al., 2021).
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Figure 1. a. Geological context of the Anti-Atlas orogenic belt located north of the West African Craton (WAC). b. Geological map
showing the distribution of the various Precambrian inliers in the Anti-Atlas chain (Gasquet et al., 2008).

This group is well developed in all the inliers of the AntiAtlas. It covers the metasedimentary basement of the
Saghro group by an angular unconformity. This group is
overcome by the Paleozoic cover of the Taroudant and Tata
groups (Ennih and Liégeois, 2008; Geyer and Landing,
2020). The Ouarzazate group is classically subdivided into
two units separated by an angular unconformity dated
560 Ma (Choubert and Faure-Muret, 1970; Hindermeyer,
1977; Harrison et al., 2008; Walsh et al., 2012; Álvaro et al.,
2014; Yajioui et al., 2020). (i) The basal magmatic complex
(Thomas et al., 2004), Mançour group of O’Connor (2010),
or lower series NP3i (Hindermeyer, 1953), consists of
tuffs, breccias, and andesitic to rhyolitic flows, of polygenic
conglomerates and volcaniclastic rocks with associated
plutons (Walsh et al., 2012). Recent data on U-Pb zircon
age place this complex between 580 and 560 Ma (Table 1,
by Ait Malek et al., 1998; De Beer et al., 2000; Hawkins et
al., 2001; Thomas et al., 2002; Walsh et al., 2002; Maloof et
al., 2005; O’Connor, 2010; Blein et al., 2014; Karaoui et al.,
2015; Baidada et al., 2018; Tuduri et al., 2018a; Yajioui et
al., 2020). (ii) While the upper part of the group Thomas
et al. (2004), Imlas group of O’Connor (2010), or NP3s of
Hindermeyer (1953) outcrop widely in the Anti-Atlas both
south and north of the Anti-Atlas Major Fault (AAMF). It
is discordant on the previous group (Yazidi et al., 2008).
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On the one hand, it is detrital: conglomerates at the
base and at the top, breccias, sandstone, with tuffaceous
cement and on the other hand, volcanic where volcanism
is represented by ignimbrites, rhyolitic, and dacitic tuffs,
miarolitic rhyolites as well as by basaltic andesite (Yazidi et
al., 2008; Walsh et al., 2012). The zircon ages in volcanic and
plutonic rocks associated with this part of the Ouarzazate
group vary between 560 and 542 Ma (Table 1, de Beer et
al., 2000; Gasquet et al., 2005; O’Connor, 2010; Walsh et al.,
2012; Toummite et al., 2013; Karaoui et al., 2015; Yajioui et
al., 2020).
The studied Ediacaran volcanism marks a period
of intense magmatic activity of Proterozoic-Paleozoic
transition. In recent years, it has aroused a particular
interest in many authors for several reasons, among others,
its importance for understanding the Gondwana basin
evolution on the northwestern margin of the West African
Craton, of one part, and its meaning and its geodynamic
context, sometimes controversial, on the other hand.
Indeed, two models have been proposed to interpret
the setting up of this magmatism during the Ediacaran.
Some authors (El Baghdadi et al., 2003; Benziane, 2007;
Walsh et al., 2012; Hefferran et al., 2014; Blein et al.,
2014; Yajioui et al., 2020) involve an active subduction
zone along the northern edge of the West African Craton
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Table 1. Zircons U/Pb dating of igneous rocks of the Ouarzazate group (Anti-Atlas).

The Ouarzazate upper group

Inlier

U-Pb Ages (Ma)

Rock Type

Location

Reference

543 ± 9 Ma

Rhyolite

Tachkakacht

Gasquet et al., 2005

547.9 ± 3.1 Ma

Ignimbrite

NE de Saghro

Yajioui et al., 2020

559 ± 5 Ma

Granite

Isk’n’Alla

Walsh et al., 2012

556 ± 5 Ma

Gabbro

Tagmout

Walsh et al., 2012

Siroua

558 ± 2 Ma

Granodiorite

Askaoun

Toummite et al., 2013

Ougnat

552 ± 5 Ma

Rhyolite

Bou Maadine

Gasquet et al., 2005

Zenega

559 ± 6 Ma

Granite

Tikitar

De Beer et al., 2000

548 ± 11 Ma

Ignimbrite

Tazeyout

O’Connor 2010

550 Ma

Granite

Imjgagen

O’Connor 2010

552 Ma

Sandstone

-------

Karaoui et al., 2015

567,4 ± 2,9 Ma

Ignimbrite

NE de Saghro

Yajioui et al., 2020

566 ± 4 Ma

Tuff

SW de Saghro

Blein et al., 2014

570 ± 7 Ma

Andesite

Oulggou

Hawkins et al., 2001

575 ± 10 Ma

Granodiorite

Igoudrane( Imiter)

Baidada et al., 2018

563.5 ± 6.3 Ma

Granodiorite

Iknioun

Tuduri et al., 2018a

567 ± 5 Ma

Rhyolite

-------

Blein et al., 2014a

578,5 ± 1,2 Ma

Granodiorite

Bleida

Maloof 2004

577 ± 6 Ma

Rhyolite

Tawzzart

Thomas et al., 2002

579 ± 7 Ma

Diorite

Tourcht

Thomas et al., 2002

565 ± 8 Ma

Ignimbrite

Tifghilt

O’Connor 2010

Saghro

Kerdous
Bas Draâ

Saghro

Bou Azzer

The Ouarzazate lower group

Sirwa
Kerdous

560 ± 2 Ma

Diorite

Tarçouate

Ait Malek et al., 1998

Ighrem

562,89 ± 0,49 Ma

Rhyodacite

Minount

Maloof et al., 2005

Agadir-Melloul

566 ± 6 Ma

Andesite

Tadoughast

Blein et al., 2014b

571 ± 8 Ma

Rhyolite

Achkouchi

De Beer et al., 2000

579 ± 7 Ma

Granite

Tilsakht

Thomas et al., 2002

565 ± 7 Ma

Ignimbrite

Tifarchat

Walsh et al., 2002

565 ± 6 Ma

Ignimbrite

-------

Karaoui et al., 2015

579 ± 3 Ma

Granitoid

Sidi Mohamed

Ait Malek et al.,1998

Zenega
Tagragra de Tata
Bas Draâ

(WAC); Others (Levresse, 2001; Thomas et al., 2002;
Gasquet et al., 2005, 2008) relate this magmatism to a PanAfrican postcollisional context. In order to verify these
hypotheses and complete the available information on this
magmatism, a detailed lithostratigraphic study, completed
by a microscopic and geochemical study, was undertaken
in the region called Aït Sawn, located in the southwestern
edge of the Saghro massif. A large part of this area consists
of Ediacaran volcanic rocks. This part of the Anti-Atlas
represents a key zone for the study of geological events,
which occurred during the Ediacaran. In this note,
we initially present the results of the petrographic and
geochemical study of the volcanic rocks of the studied
series, and we subsequently propose an interpretation to
explain the genesis of these rocks as well as the geodynamic
context of their setting up.

2. Geological setting
The Aït Sawn area located in the southwest of the Saghro
massif (Eastern Anti-Atlas) exhibits excellent outcrops
of volcanic and volcaniclastic rocks associated with the
Ouarzazate group. Volcanic rocks are well developed
in this region as elsewhere in the Anti-Atlas. Two main
units of volcanic rocks are observed: (i) The basal unit,
the equivalent of the Mançour group of O’Connor (2010),
constitutes the lower part of the sequence, represented by
basaltic andesites which correspond to the first volcanic
manifestations recognized in this area (Yazidi et al.,
2008; Walsh et al., 2012; Zahour, 2017). This unit, whose
base is unknown, extends over several kilometers, and
outcrops as a succession of decametric lava flows (Zahour
et al., 2014); and (ii) The upper unit the equivalent of the
Imlas group of O’Connor (2010) is materialized by acid
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emissions in this case ignimbrites. This unit occupies the
summits of the area forming domean volcanic edifices
which still remain intact despite their very old age (Zahour
et al., 2014). Volcanism borders volcano-tectonic faults
oriented NE-SW (Figure 2). These faults would probably
have guided the volcanism of the sector as evidenced
by the spatial relationship between these faults and the
volcanic buildings (Zahour et al., 2014). Volcano-tectonic
activity seems to be linked to an extensive geodynamic
context linked to the continental extension exerted on the
northern limit of the West African Craton (Soulaimani et
al., 2004; Blein et al., 2014 a, 2014b), during the Ediacaran
(Thomas et al., 2002; Thomas et al., 2004; Gasquet et
al., 2005; Pelleter, 2007). The old structures, probably
inherited from the Paleoproterozoic basement, reactivated
during this period in vertical and normal faults following
a late to postorogenic extensive tectonic event on the
Anti-Atlas scale (Gasquet et al., 2005; Oudra et al., 2005;
Soulaimani et al., 2014), and would be symptomatic of a
distension leading to crustal thinning and a blocks tilting
by inducing a grabens architecture (Piqué et al., 1999).

Figure 2. Geological map of the Aït Sawn area.
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The partial melting of the mantle, which accompanies the
crustal extension, results in a major magmatism whose
activity extends over nearly 40 Ma (Gasquet et al., 2005;
Blein et al., 2014), responsible in the setting up during a
first cycle, of basaltic and andesitic magmas building lava
flows resulting from a fissural volcanism. Then the region
experienced another acidic volcanic cycle with ignimbritic
dominance which reflects a crustal fusion (Álvaro et al.,
2014; Zahour, 2017).
3. Materials and methods
A large part of this work was conducted in the field to
map and describe the volcanic outcrops in the Aït Sawn
area. The detailed description of the different volcanic
facies was carried out using macroscopic observations in
the field, describing the color, thickness and structures of
the different formations. The microscopic study allowed
determining the mineralogical composition and the
textual characters of each facies encountered in the field.
Lithostratigraphic and petrological analysis was
complemented by geochemical data. Fifteen samples were
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selected for chemical analysis (Table 2). XRF and ICP-MS
analyses of the rock were performed at the REMINEX
laboratory center in MANAGEM (Morocco). Major
elements were determined with a wavelength-dispersive
X-ray fluorescence (WD-XRF) spectrometer, equipped
with five diffraction crystals, using fused glasses made from
a mixture of powdered sample and lithium tetraborate
(Li2B4O7) in the ratio 1:5. The calibration was based on
approximately 30 certified international standards. Trace
and rare earth elements were analyzed by inductively

coupled plasma mass spectrometry (ICP-MS). Three
points were analyzed for each pellet (sample) and averaged.
Each ablation was performed for a period of 60 s. To avoid
contamination, sample grinding and pulverization were
performed using ceramic or agate grinders.
3. Results
3.1. Lithostratigraphy
In the study area, the Ouarzazate group outcrops in the Aït
Sawn inlier and north at Jbel Tissouktai (Figure 2).

Table 2. Chemical composition in elements major, traces, and rare earth elements of the studied rocks.
Nature Basaltic andesites

Ignimbrites

Sample AS7

AS6

T9

AS1

T3

T2

T11

AS2

AS5

T12

AS8

T14

T13

T15

SiO2

51.7

52.3

52.53

53.3

53.52

54.37

55

56.2

69

72

73.90

76.2

76.5

78.11 78.54

Al2O3

18.2

17.9

17.61

17.5

16.89

17.38

17.9

16.6

17.3

14.2

14.00

11.4

12

10.69 9.93

Fe2O3

7.33

7.55

7.41

5.94

5.78

5.62

5.02

5.91

2.38

1.79

1.37

0.89

2.24

1.52

1.1

MnO

0.4

0.44

0.26

0.14

0.18

0.24

0.15

0.22

0.075

0.02

0.02

0.03

0.03

0.03

0.03

MgO

6.66

6.13

8.10

7.62

6.97

5.75

5.45

4.65

0.54

0.33

0.26

0.5

0.2

0.27

0.58

CaO

2.92

3.18

2.56

1.15

2.74

2.92

2.37

2.6

0.85

0.94

0.42

0.61

0.51

0.66

0.08

Na2O

6.03

5.97

6.88

8.27

8.17

7.03

8.53

8.12

0.38

0.33

0.36

7.15

0.25

3.62

0.26

K2O

2.72

2.99

3.25

1.83

1.91

2.63

2.10

2.29

7.38

7.86

8.22

1.55

6.76

3.22

4.94

TiO2

0.81

0.82

0.72

0.97

0.79

0.77

0.76

0.97

0.34

0.15

0.10

0.07

0.12

0.09

0.05

P2O5

0.29

0.30

0.23

0.34

0.35

0.29

0.23

0.4

0.26

0.09

0.12

0.02

0.08

0.01

0.04

LOI

2.54

2.00

4.85

2.68

2.4

2.71

2.07

1.72

1.87

1.32

0.73

1.19

0.77

0.5

0.64

Total

99.6

99.58

104.42

99.74

99.7

99.71

99.58

99.68

99.38

99.03

99.5

99.61

99.46

98.72 96.19

Rb

106.00

86.07

32.95

32.06

47.62

68

81.80

43.33

149.00 158

192

62.60

137.00

59.21 140

Sr

464.00

475.00

68.00

222.00

231.70 189

437.00

252.00

28.30

23.00

78.00

35.10

68.7

Ba

1278.00 1230.00 1050.00 1017.00 876.00 934.00 1200.00 878.00

826.00 4893.00

1504.00 1471.03

1959.83 1491

467.00

Sc

10.95

12.86

7.84

11.96

10.20

9.38

-

2.51

0.18

2.04

-

2

2.40

V

160.00

138.00

87.00

186.00

102.00 113.00 142.00

137.00

20.77

39.00

50.00

51.00

27.00

50

47.00

Cr

122.00

124.00

309.00

78.00

244.50 105.00 154.00

111.00

-

87.00

101.00

120.00

10.78

118

104.00

Ni

30.00

38.00

33.00

20.00

30,00

21.00

7.44

17.00

21.00

-

11.71

17

4.72

Zr

124.00

131.00

105.00

183.00

109.00 111.00 110.00

178.00

293.00 123

72.00

90,00

76.6

87

141.00

Hf

3.45

3.27

2.62

5.17

2.72

2.77

2.75

4.45

7.32

3.04

1.8

2.17

1.91

2.17

3.75

Nb

6.94

5.50

6.44

8.74

7.21

7.29

7.47

8.04

7.87

10.91

19.50

8.62

4.04

8.93

8.25

Y

34.60

25.53

31.10

36.60

32.70

32.00

28.00

34.80

7.30

6.24

9.85

11.53

18.87

13.19 13.46

La

9.74

11.44

5.02

17.61

6.31

7.23

8.80

16.20

-

16.81

2.88

18.03

17.69

17.46 12.38

Ce

22.33

26.34

10.77

42.39

14.95

16.50

19.63

37.95

-

37.21

5.95

38.98

39.21

37.57 23.90

Nd

12.49

14.53

6.16

20.89

8.23

9.31

10.70

18.81

-

13.64

3.83

17.07

15

16.29 11.57

Sm

2.85

3.30

1.35

4.48

1.64

1.91

2.41

3.92

-

2.24

1.93

3.46

4.13

3.31

3.09

Eu

0.92

1.10

0.42

1.24

0.53

0.62

0.84

1.05

-

0.42

0.71

0.37

0.33

0.35

0.34

Dy

2.73

3.07

1.28

3.84

1.52

1.78

2.16

3.35

-

2.68

3.11

2.31

2.67

2.22

2.77

Er

1.61

1.79

0.83

2.15

0.97

1.13

1.29

1.90

-

1.72

1.23

1.29

1.7

1.23

1.95

Yb

1.47

1.65

0.86

1.95

1.01

1.06

1.22

1.71

-

1.91

0.92

1.20

1.62

1.15

2.15

12.06

31.00

11.99

20.00

52.00

AS4

28.00
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4.1.1. Aït Sawn
The first volcanic manifestations recognized in Aït Sawn
are basaltic andesites which are organized in a flow
occupying a large expanse, to which are associated at
the top the pyroclastic breccias (Figure 3). The basaltic
andesites show a diversity of facies, the most dominant is
that of a porphyritic to vacuolar megaporphyric structure.
They show locally a subvertical to vertical fluidiality
oriented N60 marked by the orientation of the plagioclases
(Figure 4a). The vertical arrangement of fluidiality makes it
possible to locate the emission center of these lavas on the
edge of the volcano-tectonic fault of Tiflit (Figure 2), and
suggests a tectonic control of volcanic activity by it (Zahour
et al., 2014). The second volcanic episode corresponds to
acid emissions marked by the placement of a fluidale and
spherical powerful ignimbritic series. The basic and acidic
set will move to a composite volcano-sedimentary set
represented by epiclastic conglomerates and alternations of
sandstone and brecciated levels. This set corresponds to a
period of sedimentation that marks a stop of the Ediacaran
volcanic activity. This sequence is covered by a level of
basalt, present throughout the Anti-Atlas (Youbi, 1998;

Soulaimani et al., 2004; Pouclet et al., 2007; Ezzouhairi et
al., 2008; Álvaro et al., 2010; Zahour, 2017), which marks
the Precambrian-Cambrian transition announcing the
beginning of a rifting preparing the establishment of the
Adoudounian gulf (Pouclet et al., 2007). These basalts are
covered by a Cambro-Adoudounian cover.
4.1.2. Tissouktai
The Tissouktai volcanic series (Figure 3) is composed
of a basal part of basaltic andesites which are organized
into three petrographic units. It begins with flows of graygreenish appearance, strongly altered and subsist in the
initial state only in a rare point (Figure 4d). Then comes
a porphyry facies which corresponds to a massive rock
formed by a greyish background with slightly altered
whitish stains, whose porphyry character is underlined by
white feldspars. Towards the summit outcrop of basaltic
andesites of massive appearance, dark on the patina and
brownish on the fracture. The upper part of this series is
represented by violent projections marked by thick flows
of ignimbrites with which pyroclastic rocks are associated
at their base. Macroscopic analysis revealed two facies
(xenolitic vitroclastic lower ignimbrites; and xenolitic

Figure 3. Lithostratigraphic succession of the Ediacaran of Aït Sawn (a) and Tissouktai (b).
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Figure 4. Macroscopic and microscopic appearance of basaltic andesites, (a and a1). Fluidal and vacuolar microlithic facies (V. vacuole),
(b and b1). Vacuoles sequential filling in vacuolar porphyric microlithic basaltic andesites (Fld. Feldspar and Cal. Calcite), (c and c1).
Vacuolar porphyric microlithic facies (Pl. Plagioclase, V. Vacuole), (d and d1). Porphyric to Ferromagnesian microlithic facies (Chl.
Chlorite, Pl. Plagioclase, Px. Pyroxene and Ox. Oxides).
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spherolitic upper ignimbrites). On the southern side of
Jbel Tissouktai, the ignimbrites are in tectonic contact
with the Paleozoic cover, through the Tissouktai fault,
oriented N60 (Figure 2), which suggests an implication of
this accident in the setting up of the volcanism (Zahour et
al., 2014).
3.2. Petrographic characters
4.2.1. Basaltic andesite
The petrographic study carried out on several samples
reveals a great diversity of texture (microlithic porphyritic,
microlithic fluidal and vacuolar, and microlithic
porphyritic vacuolar). The fluidal texture is marked
by intertwined plagioclase microlites oriented in the
direction of fluidality (Figure 4a1). The vacuolar texture is
underlined by some vacuoles, communicating or isolated,
of a sequential or monomineral filling (Figures 4b1 and
4c1). The primary mineralogical assembly of these rocks
is quite homogeneous and includes the olivine completely
destabilized, only the preserved forms make it possible to
identify, it appears as ghosts with a core formed of blue
chlorite; pyroxene, plagioclase, and opaque minerals.
An intense hydrothermal alteration characterized by the
development of a secondary paragenesis represented
by a varied assembly, formed by chlorite, calcite, quartz,
feldspar, albite, epidote and sericite (Figure 4d1). This
assembly develops at the expense of the primary minerals,
or as filling of vacuoles (Zahour, 2017). Mesostasis
essentially includes plagioclase in the form of microlites,
and opaque minerals.
4.2.2. Ignimbrites and associated acidic rocks
Microscopic analysis of the ignimbrites studied reveals
a diversity of facies that differ from each other by their
texture. The primary paragenesis of these rocks is extremely
simple and can be summarized, depending on the facies,
at two or three constituents expressed as phenocrysts:
quartz, plagioclase, alkali feldspar, biotite (transformed
into chlorite and iron oxides) and opaque minerals (Figure
5c1). Mesostasis is abundant (50%–97%). The texture, still
preserved, is of the eutaxitic or vitroclastic type. Very
often, it is obliterated by a significant devitrification which
results in the appearance of spherulites (Figures 5a and
5a1), and by the development of a microcrystalline bottom
(imbrication of quartz and feldspar microcrystals). The
eutaxitic texture is marked by the presence of glass shards
which are extremely flattened and stretched in the form of
filaments (Figure 5b1). This arrangement reflects intense
welding of material (Zahour, 2001). The vitroclastic texture
is marked by the presence of glass shards (vitroclasts) of
various forms of X, Y, I, V, U, L or of any form (Figure 5c2).
The unflattened appearance of these structures reflects the
low compaction and welding of the material.
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3.3. Geochemistry
4.3.1. Classification and fractional crystallization
In the diagram of SiO2 vs Zr/TiO2*0.0001 (Winchester
and Floyd, 1977), the volcanic rocks studied show a
concordance between petrographic descriptions and
geochemical compositions and they correspond to basaltic
andesite and ignimbrites (rhyodacitics and rhyolitics)
which occupy their respective fields (Figure 6).
The spatio-temporal relationship of acidic and basicintermediate volcanics in the study area (Figure 3) suggests
the same volcanic sequence, whose basaltic andesites seem
to represent the less differentiated rocks of the series.
However, the association, both in space and in time,
of basic rocks with acidic rocks does not always mean a
common origin. The rocks studied have SiO2 contents
ranging from 51.7% to 78.54% with the existence of a
discontinuity of composition situated between the basic
and acid rocks. The presence of this discontinuity in the
interval 56.2% and 69% of silica marks the absence of terms
of transition (andesites and dacites). The examination of
the variations of the main trace elements relative to Zr
shows that the studied rocks are divided into two sets.
Indeed, the Zr vs Zr/Y diagram (Pearce and Norry, 1979)
shows that ignimbrites constitute a field apart from basaltic
andesites (Figure 7a), which clearly notes that there is no
progressive passage of basic-intermediate facies to acidic
facies as fractional crystallization progresses, it excludes
any intervention of the fractional crystallization process
as a factor controlling the evolution of these rocks. The
analysis of rare earth elements provides some answers and
confirms the conclusions drawn from the study of trace
elements. Consequently, the distribution of the figurative
points of ignimbrites in the diagram La-Sm/La (Blein et
al., 2001), beyond the line of fractional crystallization of
basaltic andesites (Figure 7b), attests to the noncogenetism
of acid and basic-intermediate magmas.
4.3.2. Geochemical affinity
When normalized to C1-chondrites (Evenson et al., 1978),
the ignimbrites patterns contrast with those of basaltic
andesites (Figure 8a). Indeed, the ignimbrites patterns
overlap those of the basaltic andesites at the level of the
light rare earth elements (LREE) and heavy rare earth
elements (HREE), which excludes any relation between
these two groups of rocks. The general appearance of
rare earth element patterns is similar to those of the calcalkaline orogenic magma series. It is characterized by
an enrichment of LREE relative to HREE. Calc-alkaline
affinity is demonstrated in the Zr-Ti/100-Y*3 diagram of
(Pearce and Cann, 1973) and also in Rb-(Y-Nb) diagram
of Pearce et al. (1984). In the first diagram used for the
sparsely differentiated rocks, the basaltic andesites occupy
the field of calc-alkaline magma series (Figure 9a). In the
second diagram applied to the acidic magmatic rocks, the
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Figure 5. Macroscopic and microscopic appearance of ignimbrites, (a and a1). Spherulitic ignimbrite showing a fibro-radial silica
spherulite, (b and b1). Fluidal and banded ignimbrite with eutaxitic texture (c and c1). Xenolitic vitroclastic ignimbrite (Qtz: Quartz,
Orth: Orthoclase and Pl: plagioclase). (c2). Vitroclastic texture in xenolitic vitroclastic ignimbrites.
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Figure 6. SiO2 vs Zr/TiO2*0.0001 diagram (Winchister and Floyd, 1977) of
Aït Sawn and Tissouktai rocks.

Figure 7. Distribution of the studied rocks in the diagrams. (a) Zr/Y-Zr (Pearce and Nourry, 1979). (b) La-Sm/
La (Blein et al., 2001).

ignimbrites are clearly inscribed in the field of orogenic
rocks of syn-collision and postcollision (Figure 9b).
The MORB-normalized multielement patterns
(Pearce, 1982) obtained for basaltic andesites (Figure 8b)
show a significant enrichment in highly incompatible
elements (LILE) with pronounced negative anomalies in
Nb and Ti that could reflect crustal contamination and/
or subduction-related additions. These anomalies are
attributed to the characteristics of basic rocks of active
continental margin or that originate in a postcollisional
context (Ezzouhairi, 2001). The multielementary diagrams
of the studied basaltic andesites are quite comparable to
those of the same age which bear the calc-alkaline signature
established in a postcollisional context (Tghdout: Youbi,
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1998; Ouarzazate: Ezzouhair, 2001; Imiter: Levresse, 2001;
Ait Maghlif: Zahour, 2001; Toufnite: Belkacim, 2014),
(Figure 8c). This context is confirmed by the La/10-Y/15Nb/8 diagram of Cabannis and Lecolle (1989), which
places the basaltic andesites in the intermediate field
reserved for postcollision rocks (Figure 10), a context
already mentioned by Thomas et al. (2002) and Gasquet et
al. (2005) for Ediacaran volcanism of the Anti-Atlas.
In the multielement diagrams normalized to the
oceanic ridge granite (ORG) (Pearce et al., 1984), the
studied ignimbrites (Figure 8d) show a remarkable
enrichment in LILE elements, suggesting a calc-alkaline
geochemical affinity. They are also marked by negative
anomalies in Nb and Hf-Zr, which attests the orogenic
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Figure 8. Chondrite-normalized REE patterns (Evensen et al., 1978) of the studied rocks (a). MORB-normalized diagram (Pearce,
1982) of the studied basaltic andesites (b), and their average, compared to those of the calc-alkaline basaltic andesites of Anti-Atlas (c).
Comparison of ignimbrites patterns, with post-collisional granites (PCG) according to Pearce et al. (1984) (d).

character of these rocks. The enrichment in K, Rb, Ba,
and Ce relative to Nb, Y, and Yb; as well as the behavior
of Nb and Hf-Zr are all criteria that make it possible to
bring closer the profiles of our rocks at the spidergrams of
granites generated in a postcollisional context (e.g., Oman
and Querigut granites; Pearce et al., 1984) (Figure 8d).
Based on field observations and petro-geochemical data,
such as tectonic control of the setting up of ignimbrites
as evidenced by the existence of volcanic dikes and the
installation of collapse areas, controlled by normal faults,
where this volcanism is set up (Zahour et al., 2014), and
the calc-alkaline geochemical affinity, these rocks can be
classified as products derived from magmas generated in
an extensive tectonic context. These characteristics are
thus compatible with a postcollisional tectonic setting,
as previously suggested for the Ediacaran volcanism of
the Ouarzazate area (Gyssel, 1982; Ezzouhairi, 2001).

The Thieblemont and Tegyey (1994) diagram provides
elements of answers and place acid rocks on horseback
between the field of associated rocks to subduction zones
and the field of postcollisional calc-alkaline series marking
the passage towards the end of the Pan-African orogeny
(Figure 11). Thus, the studied ignimbrites represent the
surface expression of a magmatism that bears the imprint
of a previous Pan-African subduction (Ikenne et al., 2007;
Ennih and Ligeois, 2008; Toummit, 2012), but generated
in a postcollisional context.
4. Discussion
4.4. Petrogenesis
Geochemical and petrographic data allowed us to identify
two groups of rocks which have geochemical characteristics
of the calc-alkaline series, but from different sources,
whose intermediate-basic and acidic magmas do not
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Figure 9. (a) Ti / 100 – Zr – Y*3 diagram (Pearce and Cann, 1973) of basaltic andesites. (b) Rb- (Nb + Y) diagram
(Pearce et al. 1984) of the studied ignimbrites.

Figure 10. Y/15-La/10-Nb/8 diagram (Cabanis and Lécolle, 1989) of
the basaltic andesites, (1) orogenic domain, (2) Intermediate domains
(A. Postorogenic intracontinental volcanic series and B. intra-arcs
or proximal back arcs series), (3) Anorogenic domain. LCC. Lower
continental crust, and UCC. Upper continental crust

result from differentiation of a basic magma by fractional
crystallization although all these rocks are associated in
the same geographical area.
The petrographic and geochemical analogies of the
studied volcanites with those of the orogenic zones of the
active continental margins suggest the same petrogenetic
process, of which they are variously interpreted. The genesis
of studied basaltic andesites by a simple partial melting of
an oceanic crust transformed either into amphibolite or
into quartz eclogite at the subduction zone level (Green
and Ringwood, 1968) is to be discarded due to their
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enrichment in rare earth elements and in incompatible
elements on the one hand (Gill, 1974), and their low
partial melting rate that is less than 20% on the other hand
(Figure 12). It should be noted that the production of
calc-alkaline magmas from quartz eclogite requires a very
high degrees of melting. The melting of less than 20% of
the garnet or spinel peridotite mantle (Kushiro and Yoder,
1972) could generate basic or intermediate magmas of
calc-alkaline geochemical affinity. The depletion of basaltic
andesites in HREE (element preferentially concentrated in
garnet) and relative enrichment in LREE suggest a process
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Figure 11. (Nb/Zr)N/Zr diagram (Thieblemont and Tegyey, 1994) of
studied ignimbrites.

Figure 12. Representation of basaltic andesites in the Log Cr-Log Y
diagram after Pearce (1982).

that involves the partial melting of a spinel peridotite and
eliminates the contribution of a garnet peridotite. Indeed, a
garnet-free spinel-bearing mantle source, however, would
be characterized by flat HREE patterns with low Dy/Yb
ratios (Baker et al., 1997; Sayit et al., 2022), due to low
HREE partition coefficients in spinel. However, the mixing
between melted masses that come from the partial melting
of spinel and garnet facies and/or by the melting of sources

containing both spinel and garnet can give magmatic
liquids rich in LREE provided that the garnet remains as
a residual phase during the melting (Aktağ et al., 2019;
Sayit et al., 2022). Thus, strong depletion of the HREE in
the melt relative to the LREE may indicate the presence of
garnet in the source (Aktağ et al., 2019; Sayit et al., 2022).
This process could be considered for the genesis of the
studied rocks; the argument in favor of this hypothesis, is
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the slightly elevated Dy/Yb ratio of some samples, which
can suggest a contribution of the melting of garnet facies
in the genesis of our rocks (Baker et al., 1997; Sayit et al.,
2022; Ural et al., 2022).
To establish the systematic of the basaltic andesites
melting and define the characteristics of the mantellic
source, we have followed a similar approach to that of Aktağ
et al. (2019), Sayit et al. (2022), and Ural et al. (2022), which
uses elementary reports of immobile elements during
subduction processes such as Zr, Nb, and Y; which serve as
critical indicators to understand the nature of the source
before the addition of subduction component (Ural et al.,
2022). They can also deduce the depletion/enrichment in
ancient igneous-dérived rocks (Sayit et al., 2020). Indeed,
depleted mantellic sources are characterized by high Zr /
Nb ratio, but low Zr /Y ratio (Zr/Nb = 34.2, Zr/Y = 1.52;
Workman and Hart, 2005). The basaltic andesites of the
southwestern edge of the Saghro massif have relatively
low Zr/Nb ratios coupled with relatively high Zr/Y ratios
(14.73–23.82, 3.33–5.11, respectively), which contrast
with those of the depleted mantle and consistent with the
Nb-rich, enriched domains/reservoirs (Sayit et al., 2022),
represented by low Zr/Nb ratios (e.g., primitive Mantle,
Zr/Nb = 15.92, Zr/Y = 2.43; McDonough and Sun, 1995).
This implies a significant contribution from the enriched
sources during the petrogenesis of the lavas studied and
a lesser involvement of the depleted mantle. Also, the
enriched components are considered to have a lower
solidus and preferentially melt earlier than the depleted
mantle (Sayit et al., 2022), which gives relatively low Zr/
Nb ratios, knowing Nb has the higher incompatibility in
this couple. Therefore, low-degree melts can be envisioned
to mainly tap the readily fusible, enriched components.
This is supported by the low melting rate which is less
than 20% (Figure 12), which reinforces the idea of the
contribution of enriched components in the petrogenesis
of basaltic andesites. Based on the above discussion, the
Zr-Nb-Y system and the degree of partial melting, suggest
an important role of enriched mantle sources in the
petrogenesis of the studied basaltic andesites.
One of the characteristics of basaltic andesites is the
relative enrichment in LILE, which appears in the N-MORB
normalized diagrams (Figure 8b). Two models can be
considered to explain such an enrichment: (i) Derivation
from a metasomatized mantle source enriched in elements
resulting from the dehydration of a lithospheric plate in
subduction: in this model, the high concentration of LILE (
K, Ba, Rb, Sr) of magmas is generally explained by melting
of a metasomatically enriched mantle source (Mysen,
1978). These elements are derived from the fluids during
the hydrous minerals decomposition from the subducting
plate (Tatsumi et al., 1986), their transfer into the mantle
will give potassic calc-alkaline characters to magmatism
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(Zahour, 1999; Ezzouhairi, 2001). At the southwestern
edge of the Saghro massif, the fundamental role of the
ocean crust in the melting mechanisms that can undergo
the overlying upper mantle by the dehydration mechanism
cannot be dismissed, due to enrichment of studied rocks
in incompatible elements. Moreover, although high Ba/Nb
ratios may result from the addition of Slab-derived fluids/
melted. Such high values (109.20–223.64), in most basaltic
andesites, involve the role of a subduction component
in the petrogenesis of the studied rocks. This model can
be envisioned for the genesis of the studied rocks, whose
arguments in favor of this hypothesis is the presence of BouAzzer ophiolites in some kilometers west of the studied
area, which suggests the functioning of a subduction
zone during the Pan-African cycle in the northwest of the
West African Craton (Saquaque et al., 1989; El Hadi et al.,
2010). (ii) Crustal contamination: As basaltic andesites are
the products of a postcollisional context, it is possible that
their parental melts have probably crossed the continental
crust with some interaction. In the case of this latter
process, the La/Nb ratio should increase with SiO2 (Aktağ
et al., 2019). However, basaltic andesites do not show any
correlation when La/Nb is traced according to SiO2, which
excludes the possibility of crustal contamination (Figure
13). Moreover, the studied rocks show a wide range of La/
Nb values between 0.78 and 2.08, higher and lower than
that of the upper continental crust (La/Nb = 1.5, Taylor
and McLennan, 1995). The AS7 and T11 samples show La/
Nb values (1.40 and 1.18 respectively) close to those of the
upper continental crust and seem to be contaminated by
the latter. However, we think that the studied lavas are not
largely contaminated by the continental crust and that this
variation seems due to the source rather than the crustal
contamination. Placed in the La/10-Y/ 15-Nb/8 diagram
(Cabannis and Lecolle, 1989), the basaltic andesites
occupy the intermediate domain. According to Cabanis et
al., (1990), this domain includes the continental series of
previously orogenized areas (tardi-orogenic, postorogenic,
and anorogenic series with strong crustal participation and
series with source influenced by an earlier subduction).
Such positions may indicate either a mixing of two source
components, one of the E-MORB or alkaline intraplate type
and the other of orogenic type, or a crustal contamination
at the source level. The distribution of the studied rocks in
this diagram shows a particular evolution that occurs since
the E-MORB subfield until the calc-alkaline orogenic
basalts field (Figure 10). Such a distribution suggests that
these rocks involve in their genesis the melting in variable
proportion of a lithospheric mantle component (Toummit
et al., 2013, Belkacim, 2014), and another of orogenic type.
The position of some samples in the vicinity of the lower
continental crust (LCC) also seems to indicate that the
latter or a constituent resulting from its melting would be
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Figure 13. SiO2 vs. La/Nb ratio diagram for the basaltic andesites. Upper Crust
composition is from Taylor and McLennan (1985).

the contaminating material. On the other hand, systematic
negative anomalies in Nb, Sr, and Ti, and enrichment in
LILE attest to a crustal participation during the magma
genesis (Rollinson, 1996), whose sialic contribution is
manifested in a more pronounced way in the Ediacaran
magmatism genesis in the Saghro massif (Errami et al.,
2009).
The petrogenesis of postcollisional acid magmas is
extensively discussed. Either it is magmatism associated
with late-subductions and resulting from fractional
crystallization of basic or andesitic magmas (Liégois,
1987), or it is magmatism resulting from the partial melting
of crustal materials, in favor of consecutive thermal
relaxation to collision following a release of tectonic
stresses (Rossi, 1986). For the studied ignimbrites, the
geochemical characters show that there is no genetic link
between ignimbrites and basaltic andesites. This makes it
impossible to retain the fractional crystallization model
from andesitic magmas as a possible origin for ignimbritic
acid magmas, and to retain the hypothesis of the genesis by
anatexis of the continental crust. The good correlation of
the studied ignimbrites profiles with the acid lavas profiles
and syn-subduction/postcollision referential granites after
Pearce et al. (1984), considered typical products of partial
melting of the upper continental crust (Figure 8d), suggests
the same petrogenetic processes. This partial melting
model of the constituent materials of the continental crust
by the anatexis phenomenon was considered by Ewart et
al. (1977) to explain the New Zealand ignimbrites’ origin.
This model was used to explain Ediacaran magmatism of
Siroua (Youbi, 1998; Zahour, 2001), and the Tircht Massif
(Baouch, 1984).
4.5. Geodynamic implications
Different interpretations exist to explain the genesis of the
voluminous magmatism that characterizes the Ouarzazate

group set up later than B1 and B2 Pan-African events
(Alvaro et al., 2014). Several models have been proposed
to interpret the setting up of Late Ediacaran magmatism
by some authors (El Baghdadi et al., 2003; Benziane, 2007;
Walsh et al., 2012; Blein et al., 2014; Hefferan et al., 2014;
Yajioui et al., 2020) involve an active subduction zone along
the northern edge of the West African Craton (WAC). The
geochemical data on the Ouarzazate group volcanism of
the Saghro southwestern edge, are incompatible with an
active subduction zone, and they show calc-alkaline affinity
with orogenic characters, which the setting up is related
to a postcollisional setting. Thus, these data are consistent
with supported results by several previous studies on the
Ediacaran successions in the Anti-Atlas (Levresse, 2001;
Thomas et al., 2002; Gasquet et al., 2005, 2008), which
relate this magmatism to a metacratonic extension event
caused by an asthenosphere rise under a modified part of
the WAC (Levresse, 2001; Thomas et al., 2002; Gasquet et
al., 2005, 2008). Indeed, the studied volcanism setting up
by volcano-tectonic faults (Zahour et al., 2014; Zahour,
2017), makes it possible to better integrate this volcanism
in a model that emphasizes mainly tectonic control
for its setting up. These faults represent a Pan-African
structural heritage and correspond to branches of the
Anti-Atlas Major Fault (Azizi et al., 1990), considered
a preexisting lithospheric fault (Zahour, 2001). We can,
therefore, envisage a particular geodynamic framework
related to a late to postorogenic extension context for the
setting up of this volcanism (Ouadra et al., 2005) which
marks the Precambrian-Cambrian transition (580 Ma to
545 Ma) (Thomas et al., 2004; Gasquet et al., 2005). This
extensive event is related to the Ediacaran and qualified
as a major event on the Anti-Atlas scale since we pass
from a compressive tectonic system to an extensive system
(Gasquet et al., 2005; Oudra et al., 2005). This distension
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is confirmed by the tholeiitic magmas setting up at the top
of the volcanic sequence (Ezzouhairi et al., 2008; Alvaro
et al., 2010; Zahour, 2017). The mechanism behind this
sudden transition is related to a gravitational collapse of
the previously thickened margin during the B2 phase of
the Pan-African orogeny (Levresse, 2001). This extensive
context which follows the Pan-African crustal thickening
(Soulaimani et al., 2004; Oudra et al., 2005) promotes
the major fractures prolongation, in this case the AntiAtlas Major Fault causing in depth the continental crust
segments to a depth capable of causing their melting
(Youbi, 1998; Zahour, 2001). The water resulting from the
dehydration of the subducted continental crust promotes
the melting of the already contaminated subcontinental
lithospheric mantle following the effects of a previous
Pan-African subduction (Ikenne et al., 2007; Ennih and
Ligeois, 2008) and the generation of a basic magma which
bears important imprints inherited from this subduction.
This hypothesis leads in fact to consider a mixing between
mantle and crustal components. Such a hypothesis could
explain the particular chemical characters of basaltic
andesites (strong enrichments in LILE, negative anomalies
in Nb and Ti). In this model, the acidic calc-alkaline lavas
associated with the basaltic andesites represent the product
of the anatexic melting of the sialic material in contact with
the basic-intermediate magmas. This model of anatexis
was chosen for the production of calc-alkaline ignimbrites
associated with andesitic lavas in New Zealand (Ewart et al.,
1977). In this hypothesis, the melting of crustal materials
is triggered by the periodic injection of basic-intermediate
magmas, and consequently, the coexistence in the same
magmatic province of andesites and ignimbrites is a
necessary condition to admit such a hypothesis (Ewart et
al., 1977). In the case of the studied volcanism, this process
is probable as shown by field observations (association
of ignimbrites and basaltic andesites) and geochemical

studies (the acids terms and basaltic andesites come from
genetically different magmas).
5. Conclusion
The Ediacaran volcanism of the Ouarzazate group of
the Saghro massif southwestern edge records notable
geochemical differences between acid and basicintermediate lavas even if they have a calc-alkaline affinity,
whose the enrichment in LILE (Ba, Rb, and K), the
presence of negative anomalies in Nb and Ti, and the low
enrichment in LREE compared to HREE are by far the main
geochemical characteristics of these rocks. The genesis of
these two rock groups does not seem to be controlled by
the fractional crystallization process as a factor controlling
their evolution. The first group is represented by basaltic
andesites, whose origin would result from the melting
of a lithospheric mantle constituent still influenced by
the Pan-African orogeny and a constituent resulting by
way of contamination, of the lower continental crust.
The genesis of the second acid group with ignimbritic
dominance would be controlled by the partial melting of
the constituent materials of the continental crust. Despite
the orogenic calc-alkaline character, and whatever the
geodynamic reconstruction model of the Anti-Atlasic
chain, the volcanic rocks of the Ouarzazate group of the
southwestern edge represent the surface expression of a
Pan-African postcollisional magmatism.
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